ABSTRACT A compact single-layer series-type feeding network is proposed by utilizing two dual-band frequency-independent couplers in this paper. The overall size of the feeding network is further reduced by meandering the transmission lines. The proposed feeding network is quite suitable in the design of wideband circularly polarized antenna due to its wideband performance, identical amplitude and flat 90 • successive shifts between two arbitrary adjacent ports. Based this, a wideband circularly polarized antenna for satellite application (L band and S band) is presented, fabricated, and measured employing the proposed feeding network. Four feeding strips are introduced to enhance the axial ratio (AR) bandwidth of the proposed antenna. The simulated AR bandwidth extends from 14.7% to 34.5% by loading the four feeding strips.
I. INTRODUCTION
Many countries are building and upgrading their satellite positioning systems in recent years such as Global Positioning System (GPS) of the United States of America, Beidou-2 (BD2) of China, Global Navigation Satellite System (GLONASS) of Russia, and Galileo Positioning System (GALILEO) of Europe. Due to the massive growth of the spacecraft systems, satellite communications, navigation and positioning systems [1] - [9] , broadband microstrip circularly-polarized (CP) antenna with wide half-power beamwidth draws a lot of attention. CP antenna could reduce multipath fading and ''Faraday rotation'' effect. In addition, wideband performance of the CP antenna could be compatible with different satellite systems. It is known that a CP antenna with improved low elevation could receive more useful signals. Hence, wide half-power beamwidth (HPBW) of the CP antenna is needed to maximize the coverage of the satellites and is required for precise real-time position applications [4] , [10] , [11] . By inserting a parasitic ring, the vertical HPBW of the antenna could be wider and the gain for low elevation angle is improved [4] . In [10] , both AR and power beamwidth of CP radiation are widened when the CP antenna composed of two appropriate type of paired folded dipoles. In [11] , the |E θ | and |E ϕ | radiation patterns can be made nearly equalized over a large angular range, if the spacing L between two parallel slots in the antenna is selected as 0.45 λ 0 . Nevertheless, high gain characteristic of the antenna and HPBW are mutually restricted. Therefore, the proposed antenna is required to increase HPBW as much as possible while maintaining high gain feature.
The quadrifilar helix antenna (QHA) is suitable for satellite communication due to its excellent axial ratio and cardioid-shaped radiation pattern [2] , [7] , and [12] . However, as a kind of resonant antenna, the volume of the QHA is quite large. Thus, it is not suitable in the miniaturization and integration of RF front-end systems. Low-profile property becomes another design challenge, except the inherent narrow impedance and axial ratio bandwidth of the microstrip CP antenna.
Nowadays, sequential rotation technique [12] - [20] is applied to feed CP antennas like quadrifilar helical antennas [12] - [14] or antenna arrays [15] - [18] . Excellent CP characteristics and low voltage standing-wave ratio over a wide frequency band of the CP antenna could be achieved by loading the series-type feeding network. The outputs of the feeding networks could provide signals with equal amplitude and successive 90 • phase differences between two adjacent ports. In [19] , the feeding network consists of an out-of-phase power divider and two Wilkinson power dividers with two 90 • phase shifters. An out-of-phase power divider and two couplers are combined to form a broadband feeding network [12] , [15] . The out-of-phase power divider is designed by inserting a conductor plate into the mid-layer of a double-sided parallel stripline. Therefore, two-layer substrate is needed during the processing of the feeding network, which is not conducive to miniaturization and low cost. Those aforementioned feeding networks are large or complex for practical applications.
This paper proposes a novel compact single-layer wideband sequential feeding network utilizing two meandering dual-band frequency-independent couplers. Afterwards, a wideband CP antenna for satellite application is designed based on the proposed feeding network. From the measured results, it is demonstrated that due to the introduction of the feeding network, the 10-dB impedance bandwidth and AR bandwidth of the proposed antenna could be enhanced. To further improve the AR bandwidth, four feeding strips are utilized to excite the circular ring patch. To sum up, the proposed antenna has a number of advantages including low-cost, low-profile, wideband, high gain, wide AR bandwidth and excellent CP feature. Thus, it is quite suitable for satellite application. Fig. 1(a) displays the equivalent circuit of the proposed compact sequential feeding network (CSFN). The CSFN consists of two dual-band frequency-independent branchline couplers [20] , which is excited by a coaxial cable. The employed dual-band coupler with 12-section transmission lines is composed of a conventional branch-line coupler and four two-section impedance transformers. The inherent four-section branch lines with impedance values of Z c and Z d are utilized to form a conventional branch-line coupler. While the impedance transformers are two independent two-section dual-band impedance transformers that can realize impedance transformation from source impedance to load impedance at both two frequencies f 1 and f 2 . By decreasing the distance between the two resonant frequencies, the feeding network could achieve wideband performance. Note that the 12-section transmission lines are with the same electrical length (θ = 90 • ). R is the isolation resistance with 50 , which is installed to make the isolation port of coupler connect to the ground. The inner and outer conductors of the coaxial cable are welded to the two input ports of the dual-band couplers, respectively. Therefore, two-way signals with equal amplitude and 180 • phase differences could be loaded to the two couplers. In addition, the input impedances of the two applied couplers should be 50 × 2 = 100 due to the parallel relation of the two couplers. The four output load impedances of the proposed CSFN are set as 50 , which can directly connect with other standard RF devices. The corresponding layout of the CSFN is illustrated in Fig. 1 (b) marked with the geometrical parameters. The proposed CSFN is constructed on the substrate of Rogers RO4350B substrates with a dielectric constant of 3.66, a loss tangent of 0.004, and thickness The simulated and measured scattering parameters and phase information of the proposed CSFN are presented in Figs. 2(a-d) . From the Fig. 2(a) , the simulated 10-dB VOLUME 6, 2018 impedance bandwidth of the proposed CSFN is about 34% from 1.68 to 2.37 GHz, while the measured 10-dB impedance bandwidth is 34.6% from 1.65 to 2.34 GHz from Fig. 2(b) . The simulated and measured insertion losses are -6.5±0.38 dB and −6.5±1 dB within the frequency range of 1.75 to 2.25 GHz, respectively. A measured 90 • phase shift with the largest deviation of almost ±2.6 • comparing with the Based on this, a wideband CSFN with flat phase difference between two adjacent ports could be achieved since the f 1 and f 2 are selected closely in this case. The sequential rotation feeding technique of the proposed CSFN has a great potential in improving operating bandwidth and CP characteristics of the microstrip antennas. Hence, a wideband CP antenna is designed adopting the proposed CSFN for demonstration in the following section.
II. COMPACT SEQUENTIAL FEEDING NETWORK DESIGN

III. WIDEBAND CIRCULARLY-POLARIZED ANTENNA WITH THE PROPOSED FEEDING NETWORK DESIGN
Figs. 3(a-d) present the configuration and structural details of the proposed wideband CP antenna based on CSFN. The antenna is designed on a two-layer printed circuit board connected by the four copper columns. The bottom layer is the proposed CSFN, while the top layer is the radiator constructed on the same substrate. The ground of the proposed CSFN is on the upper surface since the radiation performance of the couplers could affect that of the CP antenna. Note that the ground is the common ground for the proposed CSFN and the radiator. The upper layer consists of four feeding strips and an annulus patch. Four output ports (Ports 2-5) of the CSFN are connected to the four feeding strips by the copper column. It can be observed that there are four circular slots etched on the ground which could avoid short circuit. In addition, four circular slots are existed in the annulus patch as well at the four feeding ports. The four copper columns can be installed and welded conveniently by this way. The final optimized geometry parameters are tabulated in TABLE I. The proposed CSFN and antenna are simulated with the full-wave simulation tool, Ansoft HFSS.
In the existing literature, several kinds of coupled patches are used for improving the bandwidth of CP antenna [1] , [3] , [21] - [24] . Nevertheless, these antennas need a thick substrate or air-layer between the parasitic patch and driven patch to enhance the performance. The feeding strips and annulus patch of the proposed antenna are printed directly on a single substrate. Therefore, compact size and low profile could be achieved. The utilization of the four feeding strips is also the key to make the proposed antenna obtain excellent AR bandwidth. To further explain this reason, an antenna without feeding strips is simulated as well. From the Fig. 5(b) , the simulated 10-dB return loss bandwidth is close to that of the antenna with feeding strips even though the impedance matching is slightly worse. The simulated AR curves are exhibited in Fig. 7(b) . It can be seen that the bandwidth of AR VOLUME 6, 2018 below 3 dB is 14.7% from 2.02 to 2.34 GHz without feeding strips. The simulated AR bandwidth would be enhanced significantly to 34.5% from 1.63 to 2.31 GHz if the four feeding strips are loaded.
The proposed CSFN is connected to the four feeding strips to excite the annulus patch, which makes the proposed antenna achieve excellent right-hand CP function. This is because the proposed CSFN could provide four-way energy with identical amplitude and 90 • phase shifts between two arbitrary adjacent ports. To prove that, current distributions of the annulus patch at 2 GHz with phase of 0 • , 90 • , 180 • , and 270 • are depicted in Fig. 4 . It can be found that the direction of the current with the phase of 0 • is along with -Xaxis. The current direction is consistent with -Y-axis when the phase is changed to 90 • . While the direction currents points to X-axis and Y-axis, corresponding to the phases of 180 • and 270 • . Namely, the current rotates counterclockwise on the annulus patch during one cycle. Therefore, the RHCP characteristic of proposed antenna could be achieved.
A wideband CP example is fabricated and measured for verification. The photograph of the prototype is shown in Fig. 5(a) . The scattering parameters of the proposed antenna are measured by Vector Network Analyzer (Agilent E5071C). While the far-field radiation performances are measured by the SATIMO measurement system in a microwave anechoic chamber. As depicted in Fig. 5(b) , the simulated 10-dB impedance bandwidth is 31.1% from 1.71 to 2.34 GHz. The measured bandwidth of return loss above 10 dB is 39.4% from 1.57 to 2.34 GHz as predicted in the simulation. Hence, the wideband function of the proposed CSFN-based antenna could be achieved. Figs. 6(af) plot the simulated and measured 2-D radiation patterns in XOZ and YOZ planes at 1.75 GHz, 2 GHz and 2.25 GHz, respectively. It can be seen that the proposed antenna has directional radiation pattern, and the RHCP is the copolarization. It is shown that the RHCP are much larger that the left-hand circular polarization (LHCP), denoting that excellent RHCP function of the proposed antenna could be obtained. The simulated boresight gain at 1.75 GHz, 2 GHz and 2.25 GHz is 4.79 dBic, 8.17 dBic and 9.42 dBic, respectively. While the measured ones are 3.88 dBic, 8 dBic and 7.59 dBic at 1.75 GHz, 2 GHz and 2.25 GHz, respectively. It can be concluded that the proposed antenna can provide stable symmetrical directional radiation patterns with high gain through the whole operating band.
The measured boresight gain response is compared with the simulated result in Fig. 7(a) . The maximum measured gain is 9.27 dBic at 2.11 GHz, and the gain above 6 dBic is from 1.9-2.34 GHz. The measured gain decreases out of the operating frequency bands. For example, the gain is attenuated to −12.2 dBic at 1.45 GHz and −11.54 dBic at 2.75 GHz. In addition, the proposed antenna achieves about 84% maximum total radiation efficiency near the 2.1 GHz. The simulated and measured AR bandwidths of the proposed antenna are displayed in Fig. 7(b) . The measured AR band- width below 3 dB is 30.9% from 1.67 to 2.28 GHz, comparing with the simulated one 34.5% from 1.63 to 2.31 GHz. Thus, a high-gain CP antenna with wide AR bandwidth is finally achieved.
Excellent agreement between the simulated and measured results is observed, demonstrating the validity of our proposed antenna design. Note that the discrepancies between the simulated and measured results are created due to connector losses, the effects of soldering, and errors in fabrication. To sum up, all the simulated and measured results clearly indicate that the proposed antenna achieves a good performance in terms of impedance bandwidth, radiation pattern, gain and AR bandwidth. Therefore, the proposed antenna is an excellent candidate for satellite communication. It should be mentioned that if the RF front-ended system is differential, the proposed antenna based on the feeding network could be connected with the RF front-ended system by adopting two coaxial cables terminated by SMA connectors [25] - [27] . Balanced feeding could be achieved by this method.
In order to highlight the advantages of the proposed wideband antenna, the measured performance comparison between the proposed antenna and other designs in the previous literatures [9] , [12] - [13] , [28] - [31] is provided in TABLE II.
IV. CONCLUSION
A single-layer feeding network is proposed in this paper which performs a four-way power dividing with identical amplitude and sequentially rotated phase shifting. The seriestype feeding network has a number of advantages including compact size, wideband, same amplitude and flat phase difference between the two arbitrary output ports. To verify the effectiveness and practicality of the feeding network, a wideband RHCP antenna for satellite application (L band and S band) based on the CSFN is designed, fabricated and measured. The measured results exhibit that the 10-dB impedance bandwidth is about 39.4% over 1.57 to 2.34 GHz. The AR bandwidth is −30.9% from 1.67 to 2.28 GHz. Such a wide AR bandwidth benefits from the introduction of the four feeding strips. Moreover, the gain is above 6 dBic from 1.9 to 2.34 GHz. In summary, the proposed antenna design exhibits low-profile, wideband, excellent CP characteristic, wideband AR bandwidth and high-gain properties. 
